Following the previous chemostat cultures of Azotobacter vinelandii using glucose as the sole carbon source, another work, replacing glucose with acetate, is presented in this paper.
Glucose-and oxygen-limited chemostat cultures of Azotobacter vinelandii in a glucose medium have been carried out to disclose the environmental effect on the microbial growth (1) (2) (3) .
The concentration of oxygen dissolved in the medium, [DO.], if exceeded a specific value, was apparently inhibitory to the yield factor, Yx,S g cellJg glucose (2, 3) . The activity of aldolase as enhanced by the increase in [D.O.] could account for the deterioration of Yx,s values with the increase in [D. O.] . Since Azotobacter vinelandii excreted in the glucose medium no metabolites other than carbon dioxide and the cell material, the increase in CO2 evolution rate as stimulated by the enhancement of aldolase activity was accompanied by the decrease in Yxs values.
The principal purpose of this paper was to present the difference in metabolism of this bacterium when acetate was employed instead of glucose 201 as the carbon source, especially taking into account the energetic aspect of this bacterial assimilation and dissimilation of acetate ( 4, 5) .
The selection of acetate in this paper as a carbonaceous source with reference to glucose stems from the recent enhancement in the significance of this substrate ; indeed, acetate obtainable cheaply from the petrochemical industry ( 6) is promising as the energy source in the production of single -cell protein . In addition, the biological treatment of industrial waste containing acetate has presented another motive for this comparison ( 7).
MATERIALS AND METHODS
Test organism and culture conditions.
The bacterium used was Azotobacter vinelandii JAM 1078 (ATCC 9046). The bacterial cells were cultivated at 30°±0.5°. The composition of a fresh medium used for the chemostat was, in (g/liter) : sodium acetate, 7-11; KH2PO4, 0. Sodium citrate and EDTA were used as a stabilizer for iron in the medium.
Cells harvested from shaken flasks (each capacity 500 ml, working volume =100 ml) at 30° for about 20 hr , using glucose in place of sodium acetate as the carbon source in the medium, were inoculated into a fermentor (nominal volume=5 liters, working volume=2 liters) to establish the chemostat.
[D.
O.] in each chemostat was varied by changing the rotation speed of an impeller from 500 to 700 rpm. The aeration rate was nearly 0.6 vvm throughout.
For controlling the value of pH in the medium at 7.0, an aqueous solution of H2SO4 (3.3 N) was used.
Each continuous culture was assumed steady if the optical density of the culture medium at 610 m~c in wavelength remained unchanged for about 24 hr. Precautions required for establishing the chemostat are described elsewhere (1, 2) . Analytical procedures. Bacterial mass was determined after freezedrying a sample of the medium (1) .
O.] was measured with an oxygen probe, Beckman-Toshiba Type 777. The uptake rate of 02 and the evolution rate of CO2 in each chemostat were assessed from the balance of 02 and CO2 in the air before entering and after leaving the fermentor (2) . The residual concentration of sodium acetate was measured by the steam distillation method ; a cell-free sample acidified with an aqueous solution of H2SO4 (about 6 N) was distilled for 15 min and the distillate was titrated with an aqueous solution of NaOH (0.005 N), using phenolphthalein as an indicator. It is clear from the analytical procedure that the residual concentration of sodium acetate represents that of acetic acid rather than sodium acetate in situ. Needless to say, Yxs values in this work were assessed on the basis of acetic acid, though referred here as "acetate" conventionally. Glucose and Acetate for Azotobacter vinelandii 203
RESULTS
Chemostat cultures of Azotobacter vinelandii could be established at constant agitation speed of the impeller from 500 to 700 rpm. The experimental data secured at 500 and 700 rpm are shown in Fig. 1 . In a series of runs at 500 rpm, [D.Oj was kept lower than 1 ppm, whereas acetate concentration was fairly high. The lowest level ever observed with acetate was about 1 mg/ml (1,000 ppm) for D=0.165 hr-1. This series of runs was then considered "oxygen -limited ."
In another series at 700 rpm, [DO.] was from 5 to 6 ppm, while acetate concentration was around 1 mg/ml (1,000 ppm). Apparently, neither dissolved oxygen nor acetate limited the chemostat cultures at 700 rpm. Intuitively, one cannot deny the possibility that [D.O.] inhibited the microbial uptake rate of acetate, resulting superficially in the steady state.
However, this (a) 500 rpm and acetate concentration in fresh medium, So=8.0 mg/ml ; (b) 700 rpm and So=5.1 mg/ml. Figure 2 was produced from the chemostat data in Fig. 1 , supplemented by the data not shown here. It is remarked from the figure that the values of Yx,S decreased appreciably with the increase in [D.O.], indicating its inhibitory function, as was experienced with glucose as the carbon source (3). However, in sharp contrast to the previous work on glucose, acetate was not exclusively converted into CO2 and the cell material, judging from the fact that the sum of Yx,s and 4C02/-4S was not equal to unity (on mass basis) (cf. Fig. 2 ). Some metabolites other than the cell and carbon dioxide are expected from this metabolism.
The observation that the values of 4C02/--4S increased with the increase in [D.O.] (RQ values ranging from 0.55 to 0.8), contrary to the pattern of Yx,s in Fig. 2 , seems acceptable, because the amount of carbon dioxide was of prime significance in contributing to the metabolites. For the metabolism of acetate by this bacterium, on the other hand, DILWORTH and KENNEDY elaborated on glyoxylate cycle (13) .
For a brief review, this bacterial metabolism of glucose and acetate is summarized schematically in Fig. 3 . Bold, regular, and open arrows in the figure deal with the principal pathway of glucose breakdown (pentose phosphate cycle), TCA cycle, and the fate of acetate, characterized by glyoxylate cycle, respectively. Glyoxylate cycle works anaplerotically with TCA pathway as was pointed out by KORNBERG ( 4, 5).
As was referred to earlier in this paper, the fact that the activity of aldolase participating in the reaction from glyceraldehyde 3-phosphate (GA-3-P) to fructose 1,6-diphosphate (F-1, 6-P) in Fig. 3 was enhanced with the increase in [D.O.], evolving more carbon dioxide thus far, accounted for the inhibitory effect of [DO.] on the value of YX,S in the previous study (3) .
Because of the fact that no activities of relevant enzymes in vivo and/or in vitro were measured in this work, some assumptions will be made to elaborate on the experimental data rearranged in Fig. 2 .
Firstly, it was assumed in this breakdown of acetate that glyoxylate cycle worked preferentially, compared to TCA cycle. Secondly, activities of isocitrate lyase responsible for the reaction from isocitrate to glyoxylate in The experimental fact in Fig. 2 that the values of RQ was less than unity for the range from 0.1 up to 6.4 ppm seems to warrant the first assumption, because the amount of C02 expected of glyoxylate cycle is apparently less than that of TCA cycle. In the previous work on glucose, the value of RQ was nearly equal to unity for [D.O.] ranging from 0.1 to 5.7 ppm (3).
In connection with the first argument, an aerobic and chemostat culture of yeast from ethanol conducted by M0R and FIECHTER must be cited (14) . They confirmed an increase in Y 1 values, contrary to the decrease of RQ values (cf. Fig. 2 ). Their observation justifies the first assumption that glyoxylate pathway predominates over TCA cycle when C2 compound is used as the carbon source.
The second assumption is also warranted by the experimental data on 4C02/-4S vs. [D.O.] (Fig. 2) , when carbon dioxide expected more from TCA cycle is taken into account.
However, the second assumption contradicts obviously with the previous finding (3) that the activities of isocitrate lyase and isocitrate dehydrogenase were independent of [D.0.]. Inconsistent as the assumption may sound, the inconsistency may be attributed to the choice of carbon source, glucose or acetate.
In fact, DILWORTH and KENNEDY (13) In brief, the following discussion is an attempt from an energetic viewpoint to reinterprete the presumable emergence of some metabolites, causing smaller values of Yx,s for acetate referred to earlier, if and only if the difference in ATP expenditure in the microbial uptake of these carbon sources could contribute to the cell synthesis.
Needless to say, the ways in which ATP is synthesized and/or hydrolyzed depend on the metabolic pathway inherent in each microbe in question ; it is difficult and not especially worthy of elaborating on the specific difference in ways of ATP acquisition and consumption in the following discussion of Yx,s values in Table 1 .
As was pointed out in Fig. 3 , one mole of ATP is needed to phosphorylate one mole of substrate (carbon source). Since the molecular weights of glucose and acetate are 180 and 60, respectively, ATP required to phosphorylate 1 g of each substrate is 1/180 mole for glucose and 1/60 mole for acetate. This difference implies that more energy to the extent of 1/90 (=1/60-1/180) mole ATP is required to have one gram of acetate phosphorylated.
Assuming that the values of YATP=10 g cell/mole ATP (18), the cell synthesis could have been improved to the extent of 0.11 (=10/90) g cell, if and only if the difference observed between glucose and acetate phosphorylations can be dispensed of and the amount of ATP thus assumed available can be entirely expended for the cell synthesis.
The fourth column in Table 1 is for this correction, adding 0.11 g cell to each values of Yx,s for acetate.
The difference between glucose and acetate in Yx,s values could be narrowed down except for A. aerogenes so far as this correction was concerned. The unfavorable correction for this bacterium will be discussed briefly from an aspect of ATP acquisition, because the previous correction was apparently from another aspect of ATP expenditure as was mentioned earlier.
With respect to A, aerogenes, HADJIPETROU et al. (17) suggested experimentally that the values of P/0 for acetate and glucose be 0.5 and 1.7, respectively.
This difference in energy production depending on the carbon sources might be responsible for the disagreement between YX,S value for glucose and that for acetate after the previous correction.
Conversely, the values of P/0 estimated for the microbes other than A, aerogenes in Table 1 from YATP=10 g cell/mole ATP and the values of YX,o g cell/mole oxygen, reinterpreted in the light of the correction, were fairly identical, irrespective of glucose and acetate.
Although the energy consideration on YX,S values, depending on the difference in carbon source, deserves more sophistication from case to case, the reinterpretation of yield factors along this line is deemed potentially important in industry.
